Abstract. We report Sr isotope anomalies in two Ca·Al-rich inclusions 
Introduction
We report Sr isotopic anomalies in two Ca-Al-rich inclusions from the Allende meteorite. These anomalies result from shifts in isotopic abundance which cannot be attributed to the decay of 8 7 Rb. Measurements were undertaken after the discovery of isotopic anomalies for Ca, Ba and Nd [Lee, Papanastassiou and Wasserburg, 1978 , referred to as LPW; McCulloch and Wasserburg, l978a] . The first interest in one of these inclusions (Cl) was based on the observation of highly fractionated Mg isotope abundances (-30%o per mass unit difference) and of a 26 Mg deficit (o 26 Mg= -1.8°/oo) [Lee and Papanastassiou, 1974; LPW, 1976] . This sample was also found to contain oxygen with an isotope composition distinctly off the Extraordinary 16 0-Normal 0 mixing line [Clayton, Onuma, Grossman and Mayeda, 1977] . The importance and the correlation of these doubly anomalous Mg and 0 isotopic patterns became manifest after the identification of a similar pattern in a second Ca-Al-rich inclusion, EKl-4-1 [cf. Clay ton and . These anomalies have been labelled FUN for Fractionation and Unknown Nuclear effects.
Prior to the discovery of isotopic heterogeneities in the major element oxygen [Clayton, Grossman and Mayeda, 1973] , the measurement of Sr isotopes in Allende inclusions had addressed the identification of differences in initial 8 7 Sr/ 8 6 Sr and their possible interpretation as due to the decay of 8 7 Rb in the early solar system. Differences in initial 8 7 Sr/ 8 6 Sr provide a chronometer for the condensation of solar system materials with a resolution of -10 6 years [Papanastassiou and Wasserburg, 1969; Gray, Papanastassiou and Wasserburg (GPW), l973a, b ] . The study by GPW [ 1973a,b] established the presence of measured 8 7 Sr/ 8 6 Sr in an Allende inclusion which was lower than the BABI value by 0.3%o and demonstrated that some inclusions represented the oldest known materials in the solar system. Measurements of 8 4 Sr by GPW [ l973b] on three inclusions showed normal 8 4 Sr/ 8 8 Sr. Cameron [personal communication and 1973] Sr measurements on the two resistors. Procedure C is most sensitive to polarization effects during measurement of 8 8 Sr, but has the most favorable signal to noise ratio for all isotopes. Data were obtained using all procedures A-C; however, for any individual run it was not always possible to obtain data using all procedures.
During the course of the experiments, the Lunatic I mass spectrometer suffered a serious breakdown of the reference voltage supply within the digital voltmeter (DVM). The instrument was repaired by using old spare components. The tables give the sequential run number; the DVM breakdown occurred between runs 802 and 803. Extensive calibrations of the Lunatic I using seawater Sr before and after breakdown indicate no resolvable shift for the 8 4 Sr/ 8 8 Sr ratio ( [GPW, 1973b] .
84 Srdata on 10 10 0 are 0.2%o lower and are consistent within their larger uncertainties with the 10 11 0 data. In addition, the 10 11 0 data obtained on Lunatic III are in excellent agreement with the Lunatic I data; the 10 1 0 n data are in agreement within their significantly larger uncertainties. Since the 8 4 Sr/ 8 8 Sr data obtained using the 10 11 0 resistor are much more precise than the 10 10 0 data, we will use the I 0 84 Sr= -3.2±0.2% •. The effects in the pyroxene and the melilite are indistinguishable (note the lower precision of the melilite data) although the Sr concentrations differ by a factor of five. To confirm that the 8 4 Sr/ 8 8 Sr in the EK 1-4-1 pyroxene sample was indeed due to a depletion of 8 4 Sr, we doped the sample by adding sufficient 8 4 Sr to increase this isotope by 4.0% •. Analyses of the doped sample on both the Lunatic I and III are consistent with the analysis of the original sample. Analyses on both the Lunatic I and III for EKI-4-1 (Pyx) yield consistent results. These data establish the presence in EKI-4-1 of nuclear anomalies corresponding to a deficiency in 8 4 Sr of 3. 2% •. For Cl we analyzed samples of the total inclusion and of two pyroxene separates. The data from the four analyses yield 6 84 Sr = -0.8±0.2%o, corresponding to a clearly resolvable deficit in 8 4 Sr. We have also analyzed Sr in the anorthite from inclusion WA, which showed 6 2 6 Mg ~ IOO"Ioo [LPW, 1977] . The small sample size results in an imprecise analysis from which we can exclude the presence of large effects. We show in Table 2 Sr anomalies which represent deficiencies of 3.2"1oo and 0.8"/oo in inclusions EKI-4-1 and Cl, respectively. These anomalies are uniform for different mineral phases within each inclusion. This is in accord with the observed isotopic anomalies in Mg, Ca Ba Nd and Sm in tlte same samples LPW 't978; McCulloch and Wasserburg, 1978a,b] . The 84 Sr effects do not correlate with the degree of fractionation observed for Mg in the FUN inclusions as the Mg in EKl-4-1 is less fractionated than in C I.
We now address the problem of whether the observed isotopic anomalies in Sr can be assigned to a specific isotope. We now consider the implications of two types of models to produce the Sr isotopic anomalies: a) modification of solar system isotopic abundances to produce the observed effects, and b) addition of exotic materials to the solar system. In case (a) we consider the solar system abundances as well defined and being only slightly modified possibly on a local scale (in a zone of a star or possibly in the solar system itself). For case (a) we may consider the possibility that the Sr effects are produced by exposure of material of solar abundance to a relatively weak neutron fluence. The Sr isotopes 86, 87, and 88 are on the s-process path; 8 7 Sr and 8 8 Sr have small r-process components, while 8 6 Sr is an s-only isotope. If the Rb in the solar system were mostly produced by the s process, then further processing of these s-process materials with a relatively weak neutron fluence would result in basically no change in the Exposure of materials with solar system abundances to a neutron fluence would therefore result in destruction of 84 Sr and also in production of excess 8 6 Sr relative to 8 7 Sr and 8 8 Sr. This would also be consistent with the Sr data and require a factor of eight lower neutron fluence than in the case where only 8 4 Sr is destroyed. Insofar as the cross sections behave as 1/v, the effects described will not be sensitive to the temperature of the neutron bath. If we consider irradiation of materials highly depleted in Rb, we obtain comparable depletions in 8 4 Sr and 8 6 Sr, which is inconsistent with the observed Sr effects. The neutron fluence required to produce the Sr isotopic anomalies from solar system materials is -10 2 2 n/cm 2 and would seriously affect other nuclides. We would expect a large depletion of 14 9 Sm, which has a neutron cross-section at 30 keV an order of magnitude larger than the neutron capture cross-sections for 8 4 Sr, 8 6 Sr and 8 7 Sr. These depletions are not observed (Lugmair, Marti and Scheinin, 1978; McCulloch, Wasserburg and Papanastassiou, 1978; McCulloch and Wasserburg, 1978b] .
We now consider the possible addition of exotic materials to the solar system. From canonical nucleosynthesis (Burbidge, Burbidge, Fowler and Hoyle, 1957; Seeger, Fowler and Clay ton, 1965] 8 4 Sr is a p-process nuclide, 8 6 Sr is s-only, 8 7 Sr is mainly s but with contributions from the decay of 8 7 Rb, and 8 8 Sr is produced -90% by s-and 10% by r-process. The Sr effects in EKl-4-1 and Cl (respectively) are compatible with the following alternatives: a) relative deficits in the p-process component of 3.2%o and 0.8%o or equivalent excesses in all the s-process nuclides; b) relative deficits in 8 8 Sr of 3.2%. and 0.8%. with no effects in 8 4 Sr or 8 6 Sr. This would correspond to 32%o and 8"1oo deficits in the r-component for Sr; c) relative excesses in 8 6 Sr of 1.6%o and 0.4%o and no effects in 8 4 Sr or 8 8 Sr. This case would require a separate and distinctive s-process addition not operating at equilibrium.
The identification of the processes responsible for the isotopic anomalies must rely on correlated measurements on the same samples over a large range in Z. Measurements of Ba and Sm in EKJ-4-1 and CJ provide the chance to look at the effects in p-process isotopes 130 McCulloch et al. [ 1978] and McCulloch and Wasserburg [1978b] , and for EKI-4-1 by Lugmair et al. [ 1978] . The correlation of these effects (deficit-p for Sr, null-p effects for Ba, and excess-p for Sm) is far from obvious. Recent calculations of production of p-process isotopes by photodisintegration reactions by Woosley and Howard [1978] indicate that production of 84 Srrequires relatively higher temperature than Ba or Sm p isotopes, so that decoupling of the production of Sr and of Ba and Sm may be possible; similar decoupling of Ba and Sm p-process isotopes is less evident. For elements heavier than Ca, the effects in Sr, Ba, Nd and Sm cannot be attributed to the addition of only s orr or p components. In particular, whereas Ba, Nd and Sm appear to require an excess r-component, the Sr data require an r-component deficit or the anomalies in Sr are due to processes other than r. It is therefore likely that a mixture of specific nucleosynthetic processes, astrophysical production sites, and models for extraction of materials from a star will be required to interpret the observed effects.
The observation of negative isotopic anomalies for Mg, Ca, Sr and Ba and in particular the observation of both positive and negative anomalies for Ca and Ba indicate that the isotopic anomalies cannot be considered simply to be the result of addition of an extra-solar component to an isotopically homogeneous solar system with the present "normal" values. Instead, the data strongly indicate that the solar nebula was intrinsically not well mixed or that addition of multiple, extra-solar components is required. The effects may result from processing of average presolar material in different zones of a supernova and injection of this material back into the interstellar medium just before the solar system formed, or possibly that r, s, p type contributions from several sources were preserved in the presolar material. The existence of negative isotopic anomalies may have important implications for the total number of nuclides added to the solar system. If we consider an initial solar-system-wide composition as found in the FUN samples which show negative isotopic effects, then we require the addition of significant materials in order to "fill in" the negative anomalies to obtain the normal solar system isotopic abundances.
We now consider the 8 7 Sr abundance in samples with FUN anomalies. For EKl-4-1 and Cl it is necessary to correct for the in situ decay of 8 7 Rb. Previous studies of Allende have established that the Rb-Sr and U-Th-Pb systems have been disturbed at possibly recent times, although the mechanisms are not understood [GPW, 1973b; Tatsumoto, Unruh and Desborough, 1976; Chen and Tilton, 1976] 
